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It is suggested that reductions in a medial temporo-parietal episodic memory network characterize
Alzheimer's disease (AD), while changes in a fronto-striatal executive network characterize healthy aging. In
the present study, magnetic resonance imaging (MRI) was used to test this directly. MRI scans of 372
participants from two samples were analyzed: Sample 1 consisted of 96 very mild to moderate AD patients,
93 healthy elderly (HE), and 137 young (HY), all with available MR scans, while Sample 2 consisted of 46 MCI
patients, with available MR scans and measures of CSF biomarkers Aβ42 and tau protein. Substantial
morphometric reductions of the medial temporo-parietal network were found in AD, while the fronto-
striatal network was less affected. Both networks were affected by healthy aging, but the fronto-striatal to a
greater degree than the medial temporo-parietal. Further exploratory analyses of 49 cortical and subcortical
structures indicated no overlap between predictors of AD vs. HE and predictors of HE vs. HY. CSF biomarker
pathology correlated with the medial temporo-parietal but not fronto-striatal network. Likewise, the AD-
prone structures from the exploratory analyses were related to CSF biomarkers, while the aging-prone
structures were not. It is concluded that the pattern of macrostructural brain changes in very mild to
moderate AD can be clearly delineated from that of healthy aging.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Alzheimer's disease (AD) is associated with a range of structural
brain changes that can be measured in vivo. These effects are
especially prominent in a medial temporo-parietal neural network
involved in episodic memory function (Buckner and Wheeler, 2001),
which includes the hippocampus (de Leon et al., 1989; Fischl et al.,
2002; Jack et al., 1992; Thompson et al., 2007), entorhinal, retro-
splenial, posterior cingulate and precuneus cortices, while frontal
effects are more moderate in early stages of the disease (Dickerson et
al., 2008, 2009; Du et al., 2007; Fennema-Notestine et al., 2009; Fjell et
al., 2008b; Lerch et al., 2008, 2005; McEvoy et al., 2009; Singh et al.,
2006; Thompson et al., 2003). Until recently, the medial parietal parts
of this network (retrosplenial, posterior cingulate, precneus) have
Pb. 1094 Blindern, 0317 Oslo,

ell).

ll rights reserved.
received less attention than hippocampus and entorhinal cortex in the
structural brain imaging literature. This is opposed to PET studies,
where reduced medial parietal metabolism (Mosconi et al., 2007) and
Aβ pathology (Frisoni et al., 2009), especially in posterior cingulate
and precuneus, are established.

Structural MRI has been suggested as a criterion for AD diagnosis
(Dubois et al., 2007). However, there is still considerable uncertainty
regarding whether and to what extent brain changes observed in AD
overlap with changes associated with healthy aging (Arriagada et al.,
1992; Brayne and Calloway, 1988;Whalley, 2002), and to what extent
they are specific to AD (Buckner, 2004; Head et al., 2005; Ohnishi et
al., 2001). AD is an age-related disease, and the brain changes in AD
are seen on top of the brain changes observed in healthy aging. This
makes it difficult to distinguish atrophy related to AD from atrophy
that is common among elderly, whether they have AD or not. For
instance, morphometric brain changes, e.g. of hippocampus, are also
seen in healthy elderly of advanced age (Walhovd et al., in press-b).
Thus, although the atrophy rates are much higher in AD than in
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Fig. 1. Themedial temporo-parietal and the fronto-striatal circuits. The figure shows the
3D renderings of the segmentation results for one arbitrary chosen participant for the
structures included in the medial temporo-parietal (red) and the fronto-striatal (blue)
networks targeted in the present study.
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healthy aging, the evidence for specific macrostructural brain changes
distinguishing AD from healthy aging is limited, even though the
entorhinal and the medial parietal cortices generally are found to be
among the best preserved cortical regions in healthy aging (Fjell et al.,
2009). While degeneration of the medial temporo-parietal memory
network has been suggested to be more vulnerable in AD than other
networks or areas, the fronto-striatal network supporting executive
functions has been proposed as the network that is most affected by
healthy aging (Buckner, 2004; Head et al., 2005). A range of
morphometric studies have pointed to the selective vulnerability of
anterior cortical brain areas in healthy aging (Allen et al., 2005; Fjell et
al., 2009; Raz et al., 1997, 2007; Salat et al., 2004). Still, this is a
complicated issue, since also prefrontal atrophy is seen in MCI/AD
relative to healthy elderly, at least in advanced stages of the disease
(Du et al., 2007; Fennema-Notestine et al., 2009). However, while
the striatal part of the circuit has been found to be affected by
non-pathological aging processes (Walhovd et al., in press-b), it is
generally not more atrophic (Cousins et al., 2003) in AD compared to
healthy aging.

As argued above, the possibility of identifying clear and clinically
useful differences is unavoidably challenged by the intrinsic relation-
ship between aging and AD. Given the substantial morphometric
brain changes even in healthy aging, it may not be realistic to identify
single structures that show selective vulnerability to AD only.
However, specific brain changes in AD may be identified by the
patterns of change across different neural circuits (Head et al., 2005).
To clarify the question of how unique the effects of AD are, direct
comparisons of effects of AD with effects of healthy aging, across
several areas and circuits simultaneously, are necessary. In one such
study, age-related decline was observed in volume of the prefrontal
cortices, insula, anterior cingulate, superior temporal gyrus, inferior
parietal lobes, and precuneus, while AD patients had reductions of
volume in the hippocampal formation and entorhinal cortices
(Ohnishi et al., 2001).

It has been argued that temporal and hippocampal atrophy in
MCI/AD is secondary to pathological depositions of extracellular Aβ42
(Arriagada et al., 1992; Thal et al., 2002) and intracellular neurofi-
brillary tangles (NFT) (Price and Morris, 1999). NFTs are composed of
tau proteins and originate in the entorhinal cortex and adjacent limbic
structures (Braak and Braak, 1996; Mesulam, 1999), including
hippocampus, thus affecting vital parts of themedial temporo-parietal
circuit even early in the disease (Petersen et al., 2006). Aβ42
deposition is probably more distributed (Edison et al., 2007; Guillozet
et al., 2003; Rowe et al., 2007), but will eventually also affect areas in
the medial temporo-parietal circuit (Braak and Braak, 1991). CSF
biomarker pathology is a relevant diagnostic criterion for AD (Dubois
et al., 2007), and was included in the study to validate MRI findings.

The present paper reports the results of two independent studies,
and has three aims. In Study 1, we wanted to test whether a
dissociation of morphometric changes in the medial temporo-parietal
vs. the fronto-striatal network can be found in very mild to moderate
AD vs. healthy aging. Hippocampal volume, and thickness of the
entorhinal, retrosplenial, posterior cingulate and precuneus cortices
were included in the medial temporo-parietal network, while the
superior frontal cortices, putamen, and caudate were regarded as
structures of the fronto-striatal network (Fig. 1). No previous studies
have directly tested the selective vulnerability of these predefined
neural networks, and compared the classification accuracy of each.
Further, we wanted to explore whether additional cortical and
subcortical structures could differentiate effects of AD from effects
of healthy aging. To reach this aim, volume of 16 subcortical and
thickness of 33 cortical regions were measured. The aim of Study 2
was to validate the MRI results against tau and Aβ42. Our hypothesis
was that correlations between CSF biomarker pathology (Aβ42, tau)
and morphometry would be present for the medial temporo-parietal
but not the fronto-striatal circuit. From the exploratory analysis, we
expected the cluster of structures that best distinguished very mild to
moderate AD from HE to correlate with CSF biomarker pathology, but
not the cluster that best distinguished HE and HY. By this approachwe
hoped (1) to validate the morphometric effects using other
biomarkers related to AD and (2) to test whether the conclusions
could be generalized by using the results from one sample to guide the
analyses in an independent sample.

Materials and methods

Sample

This project was based on two independent studies, and sample
characteristics for the participants included are presented in Table 1.
Participants' consent was obtained according to the Declaration of
Helsinki and the ethical committee of the institution in which the
work was performed has approved it.

Study 1: The raw data were acquired from the Open Access Series
of Imaging Studies (www.oasis-brains.org), a database that has been
used in previous studies (Buckner et al., 2004, 2005; Dickerson et al.,
2008; Fotenos et al., 2005; Marcus et al., 2007). All MR-data were
processed exclusively for the present study (see below), and the
analyses included in the present paper have to our knowledge not
previously been reported. Details of recruitment and screening
procedures are given by Marcus et al. (2007). The HY participants
(b60 years) were interviewed about medical history and use of
psychoactive drugs, while elderly participants (N60 years) underwent
the Washington University Alzheimer Disease Research Center's full
clinical assessment, yielding clinical dementia rating (CDR) for all
participants (Berg, 1984, 1988; Morris, 1993; Morris et al., 2001). A
global CDR of 0 was taken to indicate no dementia (HE group), and
CDRs of 0.5 or higher to indicate very mild to moderate AD.
Participants were excluded if they suffered from other active
neurological or psychiatric illness, serious head injury, history of
clinically meaningful stroke, use of psychoactive drugs, or had gross
anatomical abnormalities evident from MRI images. During proces-
sing in the laboratory of the present authors, four of the AD patients
were excluded due to less than optimal scan quality, yielding 97 AD
patients. Ninety-three healthy and age-matched HE with high quality
MR scans were selected, in addition to 137 young participants (18–29
years).

Study 2: Patients aged 40–79 years with MCI (Gauthier et al.,
2006) established for at least 6 months attending a university-based
clinic in Norway between September 2005 and December 2007 were
assessed for inclusion. Criteria for inclusion were symptoms lasting
≥6 months, Global Detoriation Scale score (GDS) (Auer and Reisberg,
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Table 1
Sample characteristics.

Study 1 Study 2

Mild AD Healthy Elderly Young MCI

Participants 96 93 137 46
Sex (f/m) 59/37 69/24 77/60 21/25
Age 76.6 (62–96) 76.7 (61–94) 22.2 (18–29) 61.4 (43–78)
Educationa 2.8 (1–5) 3.3 (1–5)⁎ NA 12.5 yrs (7–19)
SES 2.8 (1–5)b 2.5 (1–5)c NA NA
MMSE 24.4 (14–30) 28.9 (25–30)⁎⁎ NA 27.8d (23–30)
CDR 0.66 (0.5–2.0) 0⁎⁎ NA 0.5 0.5–0.5
T-tau patoe NA NA NA 13
Aβ42 patoe NA NA NA 9

NA: information not available.
⁎pb .05 for mild AD vs. healthy elderly.
⁎⁎pb 10−18.
cAvailable for 92 participants only.

a Available for all participants N 60 years, and sporadically for the rest. 1: less than high school graduate, 2: high school graduate, 3: some college, 4: college graduate, 5: beyond
college.

b Available for 79 participants only.
d Available for 43 participants only.
e Number with pathological levels.
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1997; Reisberg et al., 1988) from 2 to 3 as determined from a clinical
interview and screening tests (Mini Mental Status Examination
[MMSE] (Folstein et al., 1975), STEP parameters 13–20 and fluency,
interference, numeral–letter items from the I-flex (Royall et al., 1992;
Wallin et al., 1996) and Cognistat (Kiernan et al., 1987)). All patients
had CDR=0.5. Criteria for exclusion were impaired activities of daily
living (SDL), established psychiatric disorder, cancer, drug abuse,
solvent exposure or anoxic brain damage. Forty-six patients satisfied
all criteria, and successfully underwent MR and lumbar puncture.

MRI acquisition

Study 1: For each subject, 3–4 individual T1-weighted magneti-
zation prepared rapid gradient-echo (MP-RAGE) images, optimized
for gray–white contrast, were acquired on a 1.5-T Vision scanner
(Siemens, Erlangen, Germany): TR=9.7 ms, TE=4.0 ms, flip
angle=10°, TI=20 ms, TD=200 ms, sagittal orientation,
thickness=1.25 mm, gap=0 mm, 128 slices, with 256×256 pixels
(1×1mm) resolution. Headmovement was minimized by cushioning
and a thermoplastic face mask (Marcus et al., 2007).

Study 2: MR scans were from two sites (site 1: 17, site 2: 29): site
1: Siemens Symphony 1.5 T with a conventional quadrature head coil.
Two MP-RAGE, T1-weighted sequences in succession (TR/TE/TI/
FA=2730 ms/3.19 ms/1100 ms/15°, matrix=256×192), 128
sagittal slices, thickness=1.33 mm, in-plane resolution of
1.0 mm×1.33 mm; site 2: Siemens Espree 1.5 T; 3D MP-RAGE, T1-
weighted sequence, TR/TE/TI/FA=2400/3.65/1000/8°, ma-
trix=240×192, 160 sagittal slices, thickness=1.2 mm, in-plane
resolution of 1 mm×1.2 mm. As described in another publication, six
controls were scanned on both scanners, showing that change of
scanner was unlikely to introduce bias in the data (Fjell et al., 2008b).
A newly developed atlas normalization procedure was used, increas-
ing the robustness and accuracy of the segmentations across different
scanners (Han and Fischl, 2007).

MRI analysis

MRI data were analyzed at the Neuroimaging Analysis Lab at the
Center for the Study of Human Cognition, University of Oslo, by use of
FreeSurfer 4.01 (http://surfer.nmr.mgh.harvard.edu/). For subcorti-
cal structures, a neuroanatomical label was automatically assigned to
each voxel based on probabilistic information automatically estimat-
ed from a manually labeled training set (Fischl et al., 2002). The
technique has been shown to be comparable in accuracy to manual
labeling (Fischl et al., 2002, 2004a). As part of this procedure, a
measure of cortical GM volume was estimated, which was included in
the subcortical volume analyses. Intracranial volume (ICV) was
estimated by use of an atlas-based normalization procedure (Buckner
et al., 2004). Cortical thickness measurements were obtained by
reconstructing representations of the gray–white matter boundary
and the cortical surface (Dale et al., 1999; Dale and Sereno, 1993), and
the distance between these surfaces at each point across the cortical
mantle was calculated. The maps produced are capable of detecting
submillimeter differences between groups (Fischl and Dale, 2000),
which has been validated using histology and MR (Kuperberg et al.,
2003; Rosas et al., 2002). Maps were smoothed using a circularly
symmetric Gaussian kernel across the surface with an FWHM of
15 mm and averaged across participants using a non-rigid high-
dimensional spherical averaging method to align cortical folding
patterns (Fischl et al., 1999). This procedure provides accurate
matching of morphologically homologous cortical locations among
participants on the basis of each individual's anatomy while
minimizing metric distortion, resulting in a measure of cortical
thickness for each person at each point on the reconstructed surface.
An automated labeling system was used to divide the cortex into 33
different gyral-based areas in each hemisphere (Desikan et al., 2006;
Fischl et al., 2004b), and mean thickness within each was used in the
analyses. Note that the label “retrosplenial cortex” used in the present
paper refers to the label “isthmus cingulate” in the atlas.

The thickness estimation procedure is automated, but we routinely
check the accuracy of the spatial registration and the WM and GM
segmentations manually. The types of errors that most often require
user intervention are insufficient removal of non-brain tissue
(typically dura in superior brain areas) and inclusion of vessels
adjacent to the cortex (especially in the temporal lobes). These types
of errors are limited in spatial extension, typically seen in aminor area
of the brain in a few slices, but are nevertheless routinely corrected by
manual interventions.

Selection of ROIs

Hippocampal volume, and thickness of the entorhinal, retro-
splenial, posterior cingulate and precuneus cortices were included in
the medial temporo-parietal network, while the superior frontal
cortices, putamen, and caudate were regarded as structures of the
fronto-striatal network. Parahippocampal cortices are also implied in
episodic memory processing, but have been found to be less affected
inMCI/early AD than the entorhinal cortex (Dickerson et al., 2008; Du
et al., 2007). Lateral parietal areas are affected by AD (Dickerson et al.,
2008; Du et al., 2007), and probably also play a part in memory
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Table 2
Univariate analysis of variance.

Structure Volume controls, Volume AD Volume young AD vs. Controls Young vs. Controls
mean (SD) mean (SD) mean (SD)

F p b F p b

Third ventricle 0.37 (0.96) 0.73 (0.92) −0.76 (0.34) 8.13 .005 158.26 10−27

Fourth ventricle 0.22 (1.05) −0.09 (0.99) −0.08 (0.95) 4.23 .05 5.05 .05
Brainstem −0.22 (0.98) −0.26 (0.98) 0.33 (0.93) 0.09 n.s. 18.76 10−4

CSF 0.13 (0.53) 0.51 (1.55) −0.45 (0.35) 5.29 .05 98.44 10−18

Lateral ventricle 0.42 (0.75) 0.79 (0.94) −0.84 (0.32) 9.66 .005 306.91 10−43

Inferior lateral ventricle 0.10 (0.76) 0.94 (1.07) −0.73 (0.18) 47.61 10−10 151.23 10−26

Cerebellum WM −0.38 (0.91) −0.47 (0.95) 0.58 (0.77) 0.48 n.s. 74.38 10−14

Cerebellum cortex −0.44 (0.74) −0.60 (0.83) 0.72 (0.79) 2.53 n.s. 125.74 10−22

Thalamus −0.45 (0.56) −0.80 (0.88) 0.87 (0.54) 11.01 .005 323.77 10−44

Caudate −0.19 (1.02) −0.14 (1.17) 0.23 (0.79) 0.12 n.s. 12.42 .001
Putamen −0.57 (0.71) −0.77 (0.59) 0.92 (0.54) 4.85 .05 325.14 10−45

Pallidum −0.55 (0.73) −0.66 (0.74) 0.84 (0.65) 1.24 n.s. 229.15 10−35

Hippocampus −0.18 (0.70) −1.00 (0.77) 0.82 (0.48) 75.97 10−14 163.24 10−27

Amygdala −0.21 (0.72) −0.92 (0.76) 0.78 (0.61) 45.35 10−9 125.34 10−22

Accumbens −0.48 (0.56) −0.83 (0.63) 0.91 (0.65) 17.51 10−4 284.29 10−41

Cerebral WM −0.27 (0.91) −0.76 (0.83) 0.72 (0.60) 20.34 10−4 98.00 10−18

Cerebral cortex −0.53 (0.53) −0.91 (0.51) 1.00 (0.48) 27.00 10−6 523.53 10−60

The volumes included are corrected for ICV, and the statistics are done on the residuals (z-scores). Comparisons are done between AD patients and age-matched controls, and
between controls and young participants. Age was included as covariate in the analyses of AD vs. HE. Ventricular variables were larger in AD than HE, and larger in HE than young. For
all other measures the opposite pattern was observed.
Bold characters: pb .05.
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processing (Cabeza et al., 1997). However, focus in the present paper
is on structural changes of the medial episodic memory network,
which presumably is more vulnerable early in the disease, especially
entorhinal cortex and the hippocampus (McDonald et al., 2009).
Additional brain areas could be included in the fronto-striatal
network, e.g. dorsolateral and lateral orbitofrontal cortices (Alexander
et al., 1986). However, morphometric changes with age seem to be
strong in the superior frontal cortices, while orbitofrontal and anterior
cingulate cortices are relatively spared (Fjell et al., 2009). The superior
frontal gyri, especially medial parts, support executive functions
(Ridderinkhof et al., 2004).

Lumbar puncture and laboratory analyses

The patients from Study 2 had lumbar puncture (LP) and CSF Total
(T)-tau and Aβ42 were examined with a commercially available kit
(Innogenetics, Belgium) adapted to a Tecan Robotic Microplate 150
Processor (Tecan AG, Switzerland). Norm valueswere based on a large
sample of healthy controls, and were as follows: Aβ42b550 ng/L, T-
tau, N300 ng/L for b50 years, N450 ng/L for 50 to 69 years, and
N500 ng/L for N70 years (Sjogren et al., 2001). These cutoff values
Fig. 2. Effects of AD and healthy aging on cortical thickness. The cortical thickness was compa
the brain surface. The p-values are color coded and projected onto the average brain of the sa
the AD vs. HE analysis was set to false discovery rate (FDR)b .05, while the HE vs. young co
were decided from a rank-based method, where 0.90 and 0.10
fractiles were estimated to establish reference values for CSF tau and
CSF Aβ42, respectively. The CSF analyses were performed at Akershus
University Hospital. Parallel analyses with the laboratory at Göteborg
University, Sweden, from where the norm values were obtained
(Sjogren et al., 2001), were done. Based on these parallel analyses,
norm values for Aβ42 were set to 550, to equals 450 from the
Göteborg laboratory.

Statistical analyses

Volume and thickness were estimated separately for each
hemisphere, and the mean of left and right was used in the analyses
to reduce the number of comparisons. Residuals after regression of all
volumetric variables on ICV were used as volumetric measures. First,
subcortical volumeswere compared across AD vs. HE and HE vs. HY by
univariate ANOVAs where age was included as covariate. Cortical
thickness was compared across groups by fitting a GLM at each vertex
with age as covariate. Second, classification accuracy (AD vs. HE, and
HE vs. HY), within the two defined neural networks (the medial
temporo-parietal vs. the fronto-striatal) was examined by logistic
red for AD vs. healthy elderly (HE), and HE vs. healthy young (HY), continuously across
mple, which is semi-inflated to better visualize effects in sulci. The p-value threshold for
mparisons demanded a more conservative threshold.



Fig. 3. Effects of healthy aging on cortical thickness. The figure displays the results of the
thickness comparison between healthy elderly (HE) and healthy young (HY), by use of
the same p-value threshold as the one used for the AD vs. HE analysis shown in Fig. 2.
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regression analyses where all cortical thickness labels and subcortical
volumes within each of the networks were forced into the separate
models. Third, exploratory analyses were performed. Forward condi-
tional logistic regression analyses were run with the 16 subcortical
(volume) and the 33 cortical (thickness) ROIs entered simultaneously
as predictors. This was done to test which constellation of structures
best differentiated the groups with an unbiased, hypothesis-free
approach. Finally, the regression equations from Study 1 were used to
calculate a score for each participant in Study 2 for the medial
temporo-parietal and the fronto-striatal networks, as well as for the
cluster of structures best distinguishing AD from HE (AD-prone), and
HE from HY (aging-prone). Age and scanner site were partialled out,
and the scores were correlated with Aβ42 and tau pathology.

Results

Demographics differences between groups

Mean age (76.6 vs. 76.7 for AD vs. HE, t[187]=−0.93, p=.926)
and SES (2.77 vs. 2.50 for AD vs. HE, t[169]=1.59, p= .11) did not
differ significantly between the AD and HE groups, while a small but
statistically significant difference was observed for education (2.81 vs.
3.25 for AD vs. HE, t[187]=2.306, p= .022). As SES and education
were not available for the young groups, none of these variables were
regressed out from the statistical analyses.

Morphometric differences between the groups

ANOVAs were used to compare the subcortical ROIs across the
groups, with age used as covariate for the AD vs. HE comparisons
Fig. 4. Overlap between effects of AD and effects of healthy aging. The p-valuemaps from Fig.
for the HE vs. healthy young (HY) analysis, and projected onto the common average brain. Blu
not accelerated by AD (HEbHY), while green indicates age-related thinning which is accele
(Table 2). All CSF compartments were larger in AD patients than HE,
while the volumes of thalamus, putamen, hippocampus, amygdala,
accumbens, cerebral WM and cerebral cortex were smaller. CSF
compartments were smaller in HY than HE, while all other structures
were larger.

The surface-based analysis showed that AD had bilaterally
thinner cortex than HE in several areas (Fig. 2) at false discovery
rate (FDR) b0 .05. The pattern of effects corresponded to known
distributions of AD-related cortical thickness differences, and were
strongest in the medial temporo-parietal network (entorhinal
cortices, posterior cingulate and retrosplenial cortices, parts of
precuneus), in addition to inferior and middle temporal and anterior
parts of superior temporal cortices as well as the temporal pole, the
temporo-parietal junction, and inferior parietal cortex. Smaller and
more scattered effects were seen in prefrontal areas. When using the
same statistical threshold as in the AD analysis, HE had thinner
cortex than HY over the entire cortex except the inferior temporal,
anterior parts of cingulate gyrus (where thickening was seen), and
the medial orbitofrontal (see Fig. 3). Changing the p-value scale to
pb10−10–10−20 revealed topographically differential effects of
healthy aging (this scale was chosen to visualize regional heteroge-
neity of the effects). These were especially strong in prefrontal areas
(superior and inferior frontal gyri), superior temporal gyri, the
temporo-parietal junction, and posterior areas, including the
occipital lobe, cuneus, pericalcarine cortices, and lingual gyri. Only
minor effects were seen in the medial temporo-parietal network
(entorhinal cortices, posterior cingulate, retrosplenial cortex, and
precuneus). The statistical overlays were then binarized (at p=10−4

for AD vs. HE and p=10−15 for HY vs. HE) and projected onto the
average brain surface (Fig. 4). There was an almost complete lack of
overlap between the effects of AD and the effects of healthy aging.
An animation was constructed to show how cortical thickness
changes as a function of AD and of normal aging (Supplementary
material 1), and snapshots are shown in Fig. 5. Mean thickness in
selected ROIs is shown in Fig. 6.

Effects of AD vs. effects of healthy aging: Circuit analyses

A logistic regression model based on all the structures in the
medial temporo-parietal network classified AD with a sensitivity of
70.4%, with Nagelkerke's R2 of .39 (pb 10−12).When ADwas classified
based on the structures in the fronto-striatal network, the sensitivity
fell to 60.3% with R2 of .12. (pb .001). When the medial temporo-
parietal network was used to distinguish HE from HY, overall
classification accuracy was 90.0% with R2 of .79 (pb 10−40).
3were binarized at p= .0001 for the AD vs. healthy elderly (HE) analysis and p= 10−15

e indicates AD specific cortical thinning (ADbHE), yellow indicates age-related thinning
rated by AD (ADbHEbHY).



Fig. 5. Differences in cortical thickness between AD, healthy elderly and healthy young. The difference in thickness at each vertex of the cortical surface is color coded, and projected
onto the semi-inflated average brain of the total sample. In Supplementary material 1, the changes in thickness associated with the transitions from healthy elderly to AD patients,
and the transition from young to elderly controls, are shown as an animation.
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Classification accuracy rose to 95.7% with R2 of .90 (pb 10−53) when
the fronto-striatal network was used. Thus, while the medial
temporo-parietal network best classified AD vs. HE, the fronto-striatal
network gave the most accurate classification of HE vs. HY
(Supplementary Table 1).

Effects of AD vs. effects of healthy aging: Exploratory
cortico-subcortical analyses

All ROIs were included in the same exploratory logistic regression
analyses (Fig. 7). For AD vs. HE, six steps yielded an overall correct
prediction of 79.9% (76/20 AD and 75/18 HE were correctly/
incorrectly classified), with R2 of .49 (Supplementary Table 2). In
this model, the 4th ventricle and hippocampus, and fusiform,
retrosplenial, pericalcarine, and supramarginal cortices were includ-
ed. Pericalcarine and fusiform gyrus had opposite (negative) beta
values. This was likely a result of high inter-correlations between the
different predictors, yielding opposite weights for some of them in the
multivariate analysis. Hippocampus was the first structure to be
included, yielding R2 of .32 and classification accuracy of 70.9%.
Adding supramarginal cortices increased accuracy to 75.1% and R2 to
.38. If all structures were forced into the model simultaneously,
classification accuracy was 89.9%. It is important to note that due to
the inter-correlations between structures within the medial temporo-
parietal circuit, few will be chosen as simultaneous predictors in an
Fig. 6.Mean thickness across groups. The brain surface was parcellated into 33 different gyra
show mean thickness for each group in six areas (error bars represent 95% confidence interv
borders between the different cortical areas, shown on the inflated average brain. The statisti
for HE vs. healthy young are the same as the ones in Fig. 3.
exploratory analysis. For instance, entorhinal cortex is one of the areas
most sensitive to thinning in AD, but due to the high correlation with
hippocampal volume (r=.59), it was not included in the exploratory
model. Thus, degree of overlap between the theory-driven and the
exploratory models cannot be used as evidence for or against the
validity of the theoretical model.

The same analysis was done for HE vs. HY (Supplementary
Table 3). Seven steps yielded an overall correct prediction of 100%
(R2=1). However, 100% accuracy was reached also after only five
steps. In this model, the lateral ventricles and putamen, as well as
lateral occipital, lingual, and superior frontal cortices were
included. Putamen was the first structure to be included, yielding
2 of .74 and overall classification correctness of 90.4%. Adding
lingual cortices increased classification accuracy to 94.8% and R2

to .91.

Validation with CSF biomarker pathology in an independent sample

Of 46 MCI patients, 13 had pathological tau and 9 had pathological
Aβ42 values. Tau and Aβ42 pathology did not correlate (r= .18,
p= .24). Betas from the regression equations in Study 1 were used to
calculate scores for the medial temporo-parietal and the fronto-
striatal circuits for each participant in Study 2. The medial temporo-
parietal circuit correlated −.45 (pb .005) with tau and −.27
(p= .075) with Aβ42 pathology, while the corresponding correla-
l-based areas in each hemisphere, and mean thickness in each was calculated. The bars
al). The mean values of left and right hemisphere are shown. The blue lines indicate the
cal maps for AD vs. healthy elderly (HE) are identical to the ones in Fig. 2, while themaps



Fig. 7. Results of the cortico-subcortical logistic regression analyses. All cortical regions and subcortical structures were entered into forward conditional logistic regression analyses
to test which structures uniquely predicted AD vs. healthy elderly (HE), and HE vs. healthy young (HY). The 3D renderings of the segmentation results for one arbitrary chosen
participant are shown to illustrate the structures that were included in the final models, displayed in a transparent brain. As can be seen, there is no overlap between the structures
predicting AD vs. HE, and the ones predicting HE vs. HY. The bottom part of the figure shows how the amount of explained variance increased as each of the structures was added to
the model.
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tions for the fronto-striatal circuit was −.22 (p= .15) and −.07
(p= .64). The exploratory defined AD-cluster correlated −.40
(pb .01) with tau and −.31 (pb .05) with Aβ42 pathology, while
the aging-cluster did not correlate with any (−.07 and −.09, pN .57
for tau and Aβ42, respectively). These results are illustrated in Fig. 8.
Discussion

The present results support the view that the brain areas most
vulnerable to the effect of AD are different from those most
vulnerable to the process of healthy aging. Compared to healthy



Fig. 8. Correlations with tau and Aβ42 pathology. The figure illustrates the amount of
morphometric variance in the two targeted networks, as well as in the two clusters
from the explorative analyses, that can be explained by CSF pathology (tau and Aβ42).
As can be seen, the medial temporo-parietal network, as well as the AD-prone cluster of
structures, was related to CSF biomarker pathology, while the fronto-striatal, as well as
the aging-prone cluster, was not.
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elderly, the brain structures forming a medial temporo-parietal
circuit were substantially smaller or thinner in very mild to moderate
AD, while the structures in the fronto-striatal circuit differed less
between the groups. Both the medial temporo-parietal and the
fronto-striatal network were reduced in healthy elderly compared to
young, but the latter to a larger degree. Further, the medial temporo-
parietal but not the fronto-striatal circuit was related to pathological
levels of tau in an independent sample of MCI patients. Taken
together, these findings indicate that brain atrophy in very mild to
moderate AD is more than acceleration of non-pathological age
processes, and rather represents a unique pattern of degeneration
that is not paralleled in healthy aging. The conclusion is coherent
with the findings of Head et al. (2004, 2005), who studied
hippocampal volume and different parts of the corpus callosum.
The present project extended those findings in showing vulnerability
of very mild to moderate AD for the medial temporo-parietal
network, contrasting these directly with the fronto-striatal network,
and showing that the two are differentially related to CSF tau and
Aβ42 pathology.

Effects of AD vs. healthy aging on the medial temporo-parietal and
fronto-striatal circuits

The present study shows that the pattern of cortico-subcortical
effects in very mild to moderate AD and healthy aging deviates from
each other in specific ways. The substantial volumetric reductions in
the medial temporal part (i.e. hippocampus and entorhinal cortex) of
the medial temporo-parietal network in very mild to moderate AD fit
with knowledge about the distribution of tau-related pathology. This
is initially limited to the entorhinal cortex and adjacent limbic
structures, including hippocampus, before spreading to other cortical
areas (Braak and Braak, 1991, 1996; Mesulam, 1999). Temporal
structures in the medial temporo-parietal network have rich projec-
tions to parietal regions (Wagner et al., 2005) and morphometry in
this network has been shown to be associated with episodic memory
function (Walhovd et al., 2009, 2006, in press; Walhovd et al., 2004;
Yonelinas et al., 2007). Specific structures within the network have
been shown to undergo degradation in MCI and AD patients (de Leon
et al., 1989; Dickerson et al., 2008, 2009; Du et al., 2007; Singh et al.,
2006; Whitwell et al., 2007). However, this AD-related atrophy has
not previously been directly compared to atrophy in the fronto-
striatal network. This network is implicated in executive functions
(Buckner, 2004; Head et al., 2004, 2005), and declines substantially
even in healthy aging (Fjell et al., 2009; Raz et al., 2003;Westlye et al.,
2009). The present results confirm that the medial temporo-parietal
network is the one primarily implicated in very mild to moderate AD,
while healthy aging is more associated with reductions in the fronto-
striatal than the medial temporo-parietal.

The relationship between tau pathology and morphometry in the
medial temporo-parietal, but not the fronto-striatal, circuit, validates
the results. The circuits were defined in a sample of patients with very
mild to moderate AD, and were shown to correlate significantly with
tau pathology and almost significantly (pb .075) with Aβ42 pathology
in a completely independent sample of patientswith less severe disease
(MCI). Previous studies have shown correlations between hippocampal
atrophy and CSF biomarker levels (de Leon et al., 2006; Hampel et al.,
2005; Schuff et al., 2009; Sluimer et al., in press), but few studies have
looked at the effects outside the temporal lobe. In a sample overlapping
with the present, it was shown that correlations between CSF tau and
Aβ42 pathology in several regions of interests in medial and lateral
temporal and parietal cortex, in addition to hippocampus (Fjell et al.,
2008b). A systematic comparison between predefined AD-prone vs.
aging-prone networks was not conducted, however.

Even though selective vulnerability for the medial temporo-
parietal vs. the fronto-striatal networks was found in very mild to
moderate AD vs. healthy aging, it is important to have inmind that age
affects the morphometry of almost the entire brain (Fjell et al., 2009;
Walhovd et al., in press-b). Thus, brain changes caused by AD are seen
on top of changes related to healthy aging. Further, the fronto-striatal
network is more reduced in very mild to moderate AD than HE. Still,
the medial temporo-parietal network was a better predictor of very
mild to moderate AD vs. HE than the fronto-striatal, while the
opposite patternwas seen for HE vs. HY. However, it is not likely that a
network prone to AD exclusively will ever be identified.

Exploratory analyses: Morphometric changes in specific brain structures
in AD and healthy aging

Analyses not restricted to the targeted networks showed that with
the exception of the cerebellum, brainstem, caudate and pallidum, all
subcortical structures were smaller in very mild to moderate AD than
HE. Relationships between AD and amygdala volume fit with neurofi-
brillary tangles spreading from the hippocampus and entorhinal cortex
into basolateral temporal regions, before being manifested in other
cortical areas (Braak and Braak, 1996). Thalamic atrophy is probably
related to episodic memory deficits in AD patients as part of the Papez
circuit (Villain et al., 2008), and the effects on WM volume are in
coherence with research demonstrating large effects of MCI and AD on
bothmacro- andmicro-structural aspects ofWM (Bartzokis et al., 2003;
Stoub et al., 2006). Further, the analyses of cortical thickness revealed
effects of very mild to moderate AD also outside the medial temporo-
parietal network, i.e. in inferior and middle temporal and anterior parts
of superior temporal cortices, aswell as the temporal pole, the temporo-
parietal junction, and inferior parietal cortex, confirming recentfindings
(Du et al., 2007; Fennema-Notestine et al., 2009; McEvoy et al., 2009;
Singh et al., 2006). Dickerson et al. (2008) showed that this pattern of
cortical thinning was reliable across multiple samples of MCI/AD
patients overlapping with the samples used in the present report
(Dickerson et al., 2008), and similar results have been reported from the
ADNI study (Alzheimer's Disease Neuroimaging Initiative) (Fennema-
Notestine et al., 2009; McEvoy et al., 2009). One study suggested that
medial temporal lobe atrophy characterizes MCI, while atrophy in
association areas in parietal cortex as well as cingulate cortex, posterior
more than anterior, may be a feature of AD (Karas et al., 2004). Thus,
although AD seems to be characterized by atrophy in the medial
temporo-parietal network, other cortical areas are also vulnerable,
especially lateral parietal cortices.

When the subcortical and the cortical ROIs were entered into a
stepwise logistic regression analysis, very mild to moderate AD was
best classified by a combination of the volume of hippocampus and
the 4th ventricle, as well as the thickness of fusiform, retrosplenial,
pericalcarine, and supramarginal cortices. Entorhinal cortex and
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hippocampus are highly correlated, rendering entorhinal cortex not
significant due to shared variance with hippocampus. In contrast,
volume change in putamen and the lateral ventricles, together with
thinning of superior frontal, lateral occipital and lingual cortices,
predicted healthy aging. This highlights that to yield optimal
diagnostic accuracy it is necessary to study both cortical and
subcortical structures simultaneously, and that very mild to moderate
AD and healthy aging are characterized by distinct, non-overlapping
patterns of macrostructural brain changes.

The AD-prone cluster of structures was related to CSF biomarker
pathology (tau and Aβ42), while the aging-prone cluster was not.
This represents additional evidence for a different pattern of
morphometric change in AD vs. healthy aging, and suggests that a
coherent pattern of effects of AD can be identified across different
biomarkers at an early stage of the disease process. Contrary to what
was found for the predefined circuits, statistically significant
correlations were seen both for tau and Aβ42 pathology. The
coefficients were rather similar, however, and not statistically
different. It was not surprising that the correlations between CSF
biomarkers and brain morphometry were not higher for the theory-
driven cluster of five structures compared to the optimal linear
combination of structures chosen on the basis of 49 candidates. It is
known that levels of CSF tau are increased and levels of CSF Aβ42 are
decreased in AD vs. healthy controls (Goedert and Spillantini, 2006;
Hampel et al., 2008; Shaw et al., 2009), and the correlations with the
AD-prone cluster of structures were not surprising. It is interesting,
however, that even though levels of CSF total tau are increased also
in healthy aging (Sjogren et al., 2001), no correlations between tau
pathology and the aging-prone cluster were seen. In most studies,
the CSF-brain morphometry analyses are restricted to gross brain
measures (e.g. total brain volume) or parts of the medial temporal
lobes, so little prior knowledge exists about the effects of CSF
biomarkers on other parts of the brain. The present data indicate that
CSF biomarker pathology is related to brain atrophy in areas that are
affected in very mild to moderate AD, but not in areas that are as
much affected by healthy aging as by AD. The AD pattern of network
atrophy grossly replicates the spread of NFT in disease development
(Braak and Braak, 1991; Petersen et al., 2006) and correlates with
cognitive loss (Fjell et al., 2008a; Giannakopoulos et al., 2003).
Degeneration of neural networks may be closely related to mechan-
isms for disease progression, making the morphometric and
molecular mapping of network degeneration in AD even more
urgent.

Conclusion

The present study indicates that the pattern of macrostructural
brain changes is different in AD vs. healthy aging, and that only the
AD-prone areas are correlated with CSF biomarker pathology.
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